Hypothesis: Ossiculoplasty using prosthetic reconstruction with a malleus assembly to the stapes head will result in better transmission of vibrations from the eardrum to the stapes footplate than reconstruction with a tympanic membrane assembly to the stapes head. Both types of reconstruction will be affected by tension of the prosthesis. Background: Theories (and some clinical studies) that the shape of the normal tympanic membrane is important suggest that prosthetic reconstruction to the malleus performs better than reconstruction to the tympanic membrane. This has not been previously tested by directly measuring vibration responses in the human ear. Our previous work suggests that tympanic membrane assembly to the stapes head type prostheses performed best under low tension. This had not been previously tested for malleus assembly to the stapes head type prostheses. Methods: Hydroxyapatite prostheses were used to reconstruct a missing incus defect in a fresh cadaveric human ear model. Two types of prostheses were used, one from the stapes head to the malleus (malleus assembly to the stapes head), the other from the stapes head to the tympanic membrane (tympanic membrane assembly to the stapes head). Stapes footplate center responses were measured using a laser Doppler vibrometer in response to calibrated acoustic frequency sweeps.
The hearing results of ossiculoplasty are often unsatisfactory. The lack of a reliable hearing reconstruction method is reflected in the plethora of choices: more than 70 different prostheses are currently available (1), just for connecting to the stapes head. The surgical literature is full of single-author series espousing personal preferences in middle ear surgery. There is a lack of objective micromechanics measurements on different forms of hearing reconstruction. Auditory mechanics measurements in a temporal bone model are very useful in attempting to understand prosthetic reconstruction. Clinical studies are limited because so many confounding factors influence the hearing results. There have been virtually no randomized trials looking at different techniques of ossicular reconstruction (2) , precisely because it would be very difficult to match the various confounding parameters between groups. Clinical audiograms are also imprecise, with a frequency resolution of greater than 2 kHz at higher frequencies.
The variability of hearing reconstruction results is dependent on several factors. These include the degree of alteration in the anatomy of the middle ear, changes in the mechanical responses of remaining elements (e.g., fixation or stiffening), postoperative scarring, stability of prosthesis position, and eustachian tube function. Only some of these factors are under the surgeon's control. The ear surgeon is essentially striving for two main outcomes. The first is a good acoustic result. The second is stability of the reconstruction prosthesis. These two objectives are not always aligned with each other. For instance, stabilizing the prosthesis artificially may also tether it and reduce its vibration response.
An isolated missing incus segment is by far the most commonly encountered ossicular defect (3) (4) (5) . Figure 1 shows two common surgical reconstructions for this condition. Terminology for these two types of reconstruction has not been standardized in the literature. One is from the tympanic membrane to the head of the stapes. We will call this reconstruction a tympanic membrane assembly to the stapes head (TASH) (Fig. 1A) . This is generally accomplished using autologous tissue or a prosthesis such as a partial ossicular replacement prosthesis (PORP). Another is a malleus assembly to the stapes head (MASH) (Fig. 1B) . Some prostheses provide a combination of both (CASH). Although autologous bone can be used, the use of allograft prostheses is more common in North America. In a 1999 survey of American otologists, only 25% preferred autograft or homograft bone, 4.5% preferred cartilage, and the majority, 70%, ranked prosthetic reconstruction as their first choice (6) . In the same survey, TASH type prostheses (PORPs) were much more popular than MASH type prostheses. This probably reflects their ease of insertion.
It is not clear from the physiology whether there should be a significant difference in the functioning of MASH versus TASH. The function of the middle ear is that of an acoustic impedance matching device, allowing acoustic energy in air to enter the cochlear fluids. Classically, three major mechanisms have been proposed. These are the hydraulic lever (difference in areas between the effective vibrating surfaces of the eardrum and the stapes footplate), the ossicular lever, and the catenary lever. Of these, the hydraulic lever is generally thought to be the main matching mechanism. Our understanding of all of these mechanisms is simplistic and under ongoing revision. In fact, the three factors cannot be cleanly separated (7) . There may be a mechanical advantage in reconstruction to the malleus, because the tympanic membrane could then contribute to impedance matching through the catenary lever. This is a poorly understood concept first suggested by Helmholtz in 1869 (8) . It is based on the curvature of the eardrum. Helmholtz suggested the radial fibers extending from the manubrium to the tympanic annulus act as levers to convert the large displacement low-force movements of the tympanic membrane to small displacement but larger force displacements of the manubrium. Tonndorf and Khanna (9) suggested this added an approximately twofold increase in pressure at the manubrium. In contrast, reconstruction to the tympanic membrane avoids the unfavorable vertical force vector caused by the angulation of prostheses that go to the malleus.
Although there is no clearly convincing clinical data suggesting that reconstructions to the malleus are superior to those to the tympanic membrane, some of the best hearing results in the literature are those using reconstructions to the malleus. For instance, individual surgeons using reconstructions to the malleus report airbone closures to within 20 dB in 83% of patients using Grote prostheses (10) and in 85% using Wehrs prostheses (11) . Goldenberg (12) reports that at 3 months and at 1 year, the results of prosthetic reconstruction to the malleus ("incus replacement prosthesis") were significantly better than those seen with a PORP going to the tympanic membrane. Closure of the air-bone gap to less than 20 dB was achieved in 71.4% using prostheses to the malleus and in 43.8% using PORPs. At 1 year, the respective numbers were 60% and 42.9%. Colletti and Fiorino (3) reported excellent results in going from the footplate to the malleus. At 1 year, the hearing results showed closure of the air-bone gap to within 20 dB in 73.5% of their subjects, whereas only 64.5% of those with a reconstruction from the tympanic membrane to the stapes footplate achieved similar closure. In addition, results using neomalleus construction techniques seem better than PORPs without neomalleus techniques (13, 14) .
It is not clear that the superior results of reconstruction to the malleus are due entirely to the acoustic properties of the malleus. Reconstruction to the posterior tympanic membrane is often chosen when the malleus is very medialized or even missing, which tends to occur in ears with more severe preexisting abnormality. Thus, the malleus reconstruction could just be a proxy marker for less severely diseased ears. Another factor to consider is that columellar reconstructions to the posterior eardrum are more at risk for scarring to the annulus bony margin. Poorer results could be because of the resultant fixation.
There has been no satisfactory exploration of the mechanical properties of reconstruction to the malleus when compared with reconstruction to the tympanic membrane. Elpern and Elbrond in 1966 (15) used an early temporal bone model in which they measured round window acoustic responses and performed reconstruction with Teflon and "bone fragment" from the stapes head to the malleus and from the stapes head to the eardrum. Even though this experiment seems to have been performed in more than one temporal bone, results are shown only for one bone, and no numerical or mean data are presented. Overall, these authors state that reconstruction to the malleus was better at high frequencies than reconstruction to the eardrum. Goode and Nishihara (16) in fact found that reconstruction to the eardrum resulted in better results than reconstruction to the malleus. However, as they themselves point out, their choice of contact for the malleus was the umbo, which results in severe angulation of the prosthesis with an unfavorable vertical force vector. This contact point is not often clinically used. Also, it is not clear in this study whether the prostheses to the tympanic membrane were touching the malleus as well.
In previous work, we have shown the marked effects of tension on prosthesis functioning in PORPs (17) . In that work, the loosest prostheses resulted in the best overall functioning. Higher tensions resulted in decreased transmission of vibrations to the stapes footplate. This was particularly marked in the low frequencies. The geometry of the middle ear and the relative tensions in the tensor tympani and eardrum often mean that the optimal fit MASH prosthesis may have different tension than the optimal TASH prosthesis. To allow for this confounding factor as the cause of measured differences between the MASH and TASH prostheses, we wanted to evaluate each prosthesis under different tensions. Also, we wanted to evaluate whether the effects of tension found in our work on PORPs also applied to reconstructions to the malleus. Not being able to measure in-line tension, we used length as a proxy marker.
MATERIALS AND METHODS
Our research model is the unfixed human cadaveric temporal bone harvested within 48 hours of death. This has been shown to have acoustic response properties very similar to the living human ear (18) . Experiments were performed on eight fresh bones.
Details of experimental preparation

Bone preparation
Bones were removed from cadaveric donors within 48 hours of death using a Shucknecht bone plug saw (No. 22-00054; Stryker Corp., Kalamazoo, MI, U.S.A.) and refrigerated at 5°C in 300 ml of saline with 10 ml of 10% povidone-iodine. The bones are rejected if not microscopically normal. The bony ear canal was drilled away, leaving a bony rim around the tympanic annulus. A brass ring was attached to this bony rim with carboxylate dental cement. Access to the footplate was achieved by using a "facial recess" mastoid approach with removal of the facial nerve. This approach provides good access to the stapes footplate without disturbing the dynamics of the middle ear (19) .
The bone is then sealed with dental cement and placed in a latex cot to prevent drying, except for the posterior mastoidectomy opening, which is used for access to the footplate. Throughout recordings, saline is periodically applied to the preparation to rehydrate the bone. In addition, small pieces of wet tissue paper are placed in the hypotympanum to prevent drying. This preparation is stable for several hours (19) . Umbo recordings were checked every hour (after removal of prosthesis to return to baseline incus disrupted state) to ensure stability of the preparation.
Acoustic stimuli and measurement
Stimuli were generated by an integrated commercial package 
Measurements
Stapes velocity was measured by the LDV. The Polytec LDV (OFV-302 sensor head, OFV-3000 vibrometer controller; Polytec PI) is mounted onto a Zeiss OPM1 microscope (Zeiss, Oakland, CA, U.S.A.), and is used to focus a helium-neon laser on to the target. The targets were 0.5-mm 2 squares of foil with reflective polystyrene microbeads weighing less than 0.05 mg (3M, Minneapolis, MN, U.S.A.). Before measurements, the noise floor is measured on the bony surface of the lateral semicircular canal. Only measurements with a signal-to-noise ratio of greater than 10 dB are accepted.
Data acquisition
The analogue LDV signal was captured by the Vibsoft package, as well as the sound source pressure measurements. Each prosthesis measurement is the average of four measurements. The frequency resolution of the recording before smoothing was 2.5 Hz (sampling frequency, 20.48 kHz; Fast Fourier Transform lines, 3, 200) .The data are then exported to MATLAB (Mathworks, Natick, MA, U.S.A.) for further data analysis. Results are plotted normalized to external canal sound pressure level. Data were smoothed using a gaussian kernel with 10 degrees of freedom, analogous to a moving gaussian filter with a standard deviation of approximately 0.2 octaves (20) . This means that the data were smoothed by averaging several adjacent data points around the point of interest, and that the points nearest to the data point being calculated were given greater weight in the averaging. The relative contribution of further points decreased as they would in a standard normal distribution around the mean. The standard deviation is an indication of how quickly those weights decreased around the mean. Standard error bars were then calculated at 10 equidistant points in log frequency for each fit.
Experimental protocol
After baseline measurements of the stapes and umbo in the intact system, the incus was removed with a sharp pick, and new baseline umbo measurements were made. Serial umbo measurements to ensure stability were made with no prosthesis in place. MASH or TASH (PORP) prostheses of different lengths were used to reconstruct the ossicular chain. The three lengths selected were those that in the operator's clinical impression provided "loose," "medium," and "tight" fits. This was achieved by prostheses of three different lengths (short-loose, medium-medium tension, and long-tight). The medium fit prosthesis was generally thought of as the "best fit" prosthesis. It was chosen by using several precut prostheses of defined lengths and choosing the one that gave slight indentation to the posterior tympanic membrane. The senior author (M. B.) is an experienced ossiculoplasty surgeon, and this fitting is the one that would have been chosen in the operating room. Care was taken that the TASH did not contact the malleus and that the MASH did not contact the eardrum. The MASH was placed high up on the malleus handle, just below the neck.
In individual bones, we chose not to use predefined increments in prosthesis length over the "best" or "medium" fit prosthesis (e.g., best fit +0.2 mm, best fit −0.2 mm) as a standard way to define loose and tight prostheses. This was because it became obvious that because of variations in the geometry of the middle ear, elasticity of the eardrum and stapes footplate ligaments, and other factors, an increment of a fixed amount (e.g., 0.2 mm) in one bone would result in a very significantly palpable change in the tension of the prosthesis, whereas in another it would result in no observable difference in the mobility of the prosthesis on palpation. Because of this, the long ("tight") fitting prosthesis was chosen as the longest one that we could introduce without danger of damaging the stapes, and the loosest that just contacted the eardrum.
The TASH used was a Goldenberg Hapex PORP (partially cannulated, 5.6-mm original length, malleable, dense hydroxyapatite head with a Hapex shaft that could be trimmed. The MASH prosthesis used was a Goldenberg Hapex Incus Replacement Prosthesis. Both are manufactured by Gyrus (Memphis, TN, U.S.A.). Despite their "malleable" designation, the heads of both prostheses are fairly rigidly fixed to the stem, and we did not angulate or bend them. The prostheses were cut and measured to exact lengths using a micrometer. The mean masses and lengths, respectively, for the prostheses were as follows:
TASH: short, 16.6 mg and 2.8 mm; medium, 16.9 mg and 3.2 mm; and long, 17.2 mg and 3.6 mm. MASH: short, 11.3 mg and 2.1 mm; medium, 12.3 mg and 2.4 mm; and long, 13.7 mg and 2.9 mm. Purely on visual estimation, it is estimated that the loose prosthesis projected a maximum of approximately 0.1 mm above the natural tympanic membrane surface, along its medial border where the membrane curves inward toward the malleus. Thus, the long prosthesis would project approximately 0.8 mm above this surface.
RESULTS
The results are shown in Figures 2 and 3 . Figure 2 shows results for both the Goldenberg Incus Replacement Prosthesis (our MASH), and the Goldenberg PORP (our TASH). This figure allows us to compare the MASH and TASH prostheses. In Figure 3 , the results in each bone have been referenced to the intact ear. Table 1 shows an analysis of variance using post hoc comparisons using a Sheffé test between different conditions. All comparisons are significant at the p ‫ס‬ 0.05 level except short TASH versus medium TASH, medium MASH versus long MASH, medium MASH versus medium TASH, and intact ear versus short MASH. Stapes responses were approximately 40 dB above background temporal bone vibrations in response to sound measured at the lateral semicircular canal in all measured frequencies.
The response of the reconstructed ear is similar in general to that of the intact ear in Figure 2 . In fact, there was no statistical difference between short MASH and the intact ear.
Clearly, for both the MASH and the TASH, length (tension) has a large effect on the mechanical vibration response of the stapes. This is particularly true for the lower frequencies. In most pairwise comparisons, the shorter prosthesis performs statistically better than the longer prosthesis. This is true for short TASH versus long TASH, medium TASH versus long TASH, short MASH versus medium MASH, and short MASH versus long MASH. The effect is more marked for the TASH type prosthesis (Fig. 3) . There is a very mild advantage to longer (higher tension) prostheses in the high frequencies in both types of prostheses (Fig. 3) .
The MASH, for any given length (tension level), in general outperforms the TASH. This is particularly true in the lower frequencies, in which the MASH and TASH lines are separated when stratified for length (tension level). The only comparison for which this is not statistically significant is the medium TASH versus the medium MASH.
DISCUSSION
There is no clearly defined terminology for the different types of prosthetic reconstruction in the literature.
This makes it difficult to compare results across series or to separate within each series the results according to reconstruction. Commonly used acronyms such as PORP and TORP are in fact registered trademarks by RichardsSmith and Nephew, now Gyrus-ENT (Memphis, TN, U.S.A.). Table 2 shows a conceptual framework that we use in our laboratory and clinically to group reconstruction types. It is important in comparing results from different series to have a description of the exact placement of prostheses. The presence or absence of stapes superstructure is distinguished because it can provide support for prostheses going to the footplate and results in a more stable prosthesis placement than without a superstructure. Reconstruction to the footplate is sometimes preferred, even with an intact stapes superstructure if the stapes head is eroded, severely angulated, or too offset from the malleus to allow a good connection angle to the malleus.
In previous work, we have shown that PORPs (TASH) were significantly affected by prosthesis tension (17) . It 
FIG. 2.
Stapes center displacement in eight bones using MASH and TASH type prostheses. Results are grouped according to length, a proxy measure of the tension prostheses was placed under. Error bars are standard error. The ordinates (in meters per pascal) refer to the vibration amplitude of the stapes footplate center referenced to the external ear canal pressure in pascals. This normalizes the response for varying levels of sound stimulation from run to run.
should be noted that the prosthesis length is used as an indirect measure of tension, because in-line tension is difficult to measure in this preparation. This decrement of performance with increased tension may be because of the mass-stiffness reactance properties of the prosthesis itself or because of nonlinearities in the middle ear such as stretching of the annular ligament. The MASH type prostheses appear to show very similar results. The prostheses that performed the best were looser than the senior author (M. B.) would normally use clinically. Indeed, they were somewhat unstable because of their looseness. In the operating room setting, a slightly tighter prosthesis would normally be preferred for stability.
To our knowledge, the mechanical properties of MASH and TASH type prostheses have not been previously compared. The confounding effects of tension (proxy length) in this comparison can clearly be seen in Figure 2 . The MASH appears to have a mechanical advantage when compared with the TASH, at least based on stapes center footplate measurements such as these.
In the comparison of MASH and TASH, one of the factors that will determine the relative impact of each type of reconstruction on the piston-like movements of the stapes footplate is the offset of the malleus from the stapes head (MSO in Fig. 4 ). This will cause an angulation of the MASH prosthesis. The piston-like component (i.e., the component perpendicular to the footplate) of the force vector applied by the malleus to the top of the MASH prosthesis will be transmitted unchanged to the bottom of the prosthesis, but an additional torque, or rotational moment, will also be transmitted to the prosthesis. This will cause rotation of the prosthesis.
The size of this moment will depend on the size of the offset; the actual effect of the moment will depend on the nature of the coupling between the malleus and the prosthesis and of that between the prosthesis and the stapes (at X and Y in Fig. 4 ) as well as on the geometry and effective stiffness of the rest of the system. The size of the offset between the malleus and stapes itself varies considerably from ear to ear. Mills (21) measured the angle "␣" in Figure 4 in 31 cadaveric temporal bones and found the angle to vary from 14 to 71 degrees, with an average of 49 degrees. Eccentric application of this force to the stapes head will also result in a rotational moment on the stapes footplate. Whether one prosthesis type causes more rocking movements of the footplate than the other is at present unclear, but assuming a symmetric footplate, the center stapes would be the best single indicator of the piston-like component of the movement. Preliminary results in our laboratory do not suggest that the MASH causes more rocking than the TASH when measuring over three sites on the stapes footplate.
The MASH, being connected to the malleus, may benefit from the pressure gain from the catenary lever effect. This effect results from the curved nature of the tympanic membrane in its radial dimensions. This has been estimated to provide an approximately 6-dB gain in pressure at the malleus (22, 23) . The difference between the MASH and TASH is larger than this in each size stratification, certainly at lower frequencies, so this is unlikely to provide the entire explanation. Also, the MASH and TASH, especially the longer ones, deform the conical and curved shape of the tympanic membrane substantially, and predicting the action of the catenary lever in this modified shape is very difficult. One other factor is the better coupling to the rigid surface of the malleus than to the softer surface of the tympanic membrane. Also, the TASH, by deforming and stiffening the eardrum, will affect the vibration pattern of the eardrum and possibly reduce its effectiveness in transmitting sound.
In any individual clinical situation, the geometry of the malleus and stapes, such as relative location and medialization of the malleus, may be more important than the overall results presented here. It should be kept in mind that this model is based on a fresh cadaveric human ear which, although retaining properties very similar to the living human ear, does not account for the effects of scarring and healing that occur clinically, and could significantly affect the mechanical properties of the reconstruction.
CONCLUSION
Tension significantly affects the responses of both MASH and TASH type prostheses. The best overall mechanical performance is with the loosest prostheses. The MASH type prostheses generally perform better than the TASH type prostheses when stratified for tension.
